Industry 4.0 prompts the re-organization of production systems with flexible collaborative workcells. Half way between the manual and the full automated cell, the new cell is configured by having humans and robots working together and collaborating to the execution of complex working tasks. Considering the production process subdivided in work tasks, it is apparent that some tasks could be performed more proficiently by humans or robots alone, others collaboratively. Analogy can be found with the job assignment problem in conventional production, for which a wide range of strategies and procedures has been researched. In Human-Robot Collaboration the procedures should be redefined having new objectives and following different rules. This is the intent of the study: to classify which tasks should be executed by men, robots or by both collaboratively. The classification method makes use of a training set of pre-classified tasks. Then task assignment combined with job scheduling is introduced to avoid resource overload.
INTRODUCTION
Human-Robot Collaboration aims at exploiting the different but complementary skills of both the human worker and the programmable machine. There is an increasing interest both from academic people and from robot manufacturers in the design of robots that be able to work side by side with human operators for the execution of complex industrial tasks. In a survey on innovative flexible approaches to automotive assembly technologies [1] , considerable importance is given to cooperation among humans and robots. During complex assembly tasks, some "components require both precise handling and secondary assembly operations, such as inserting fasteners and connecting wire harnesses. Some of these tasks require the precision and speed of automation, while others benefit from the dexterity and intelligence of human operators." HumanRobot Collaboration (HRC) brings benefits to industrial applications in terms of speed, efficiency, better quality of the production and better quality of the workplace (ergonomic) [2] . As far as now, robotic automation was seldom applied in small batch productions because of the variety of products and of variable production schedules [3] . The workplace organization leans towards flexibility where manual systems are advantaged. Now, several robot manufacturers have introduced special robot architectures, named collaborative robots, allowing the human workers to execute their assembly and welding tasks in the same workplace as the robots. Examples are KUKA LBR [4] and ABB YuMi [5] . Present study aims at defining a strategy for job assignment to workers and robots, taking into account the characteristics of the job and the peculiar skills of human and robots. The assignment of tasks is based on a classification phase, which makes use of a training set of pre-classified tasks to build a classification model. Such model is then exploited to classify new tasks. Once tasks are classified, a task assignment procedure assigns dynamically the tasks to the available resources, taking also into account the different skills of human and robots 2 STATE OF THE ART Human-robot interactions for collaborative execution of manufacturing tasks aims to improve the efficiency of industrial processes, to reach high levels of adaptability and robustness in the cell. Several studies can be found in literature, addressing the evaluation of robotic cells, especially in automotive industry, providing comparisons between conventional cell and cooperating human-robot cell [6, 7] . Some efforts have been devoted to investigate the safety of human-robot collaboration [8, 9] . Also the problem of design a human-robotic cell from a semantic point of view was addressed [10] . Other studies are related to the reduction of programming time of robots by exploiting Programming by Demonstration or Learning by Demonstration techniques [11, 12, 13] . Even if several human capabilities cannot be fully replaced by robots, it is possible to achieve a solution by combining the capabilities of both. Thus, collaborative robotic cells are ripe to move from labs into the industrial world. Moving the collaborative robot from laboratory demonstrations to current production cells arises new orders of issues that have not been adequately considered in the past. As an example, there is the problem of the psychological acceptation of the robot as a reliable team member [14, 15] . Another problem is the job assignment: the definition of roles and task schedule for both the robots and the human workers. This is the problem addressed by present study. In the manual cell that is going to be replaced by the collaborative robotic cell, the problem was more simple. Human operators agree the subdivision of tasks informally. It is common for two workers to alternate in the execution of the same task, during the working time. With few exceptions, every human worker employed in an assembly station can execute all the assembly tasks. Therefore, the subdivision of work answers to a logic of workload balancing and not to operator skills. On the contrary, robotic cells cannot function with an intuitive, informal approach to work assignment. Some authors tried to address the problem by extending methods developed in the framework of ergonomic workplace study. As an example, [16] extends the Hierarchical Task Analysis [17] to model the activities involved in a human robot collaboration process and allow the production manager to choose, case by case, the type of collaboration that is better to adopt. The choice is left to the production manager without any control on which process parameters are used in the decision. Given the kind of case study considered in the paper the risk of resource overlapping is not present. The solution to optimize resource workload is usually the production scheduling of the manufacturing cell. Scheduling, on the other side, could hinder a flexible management of the workcell. Therefore, some authors tried to propose a self-optimizing procedure for the manufacturing cell by implementing a Cognitive Control System [18] . So far, the approach is effective but is limited to detailed programming of robot tasks and to short assembly sequences. What's missing is a compact methodology to configure HRC cells at task level, based on the manufacturing process under consideration and on the kind of collaboration to implement.
TASK SHARING STRATEGY
The strategy for task assignment to humans and robots is schematically represented in Fig.1 . The sequence of tasks involved in the process is the input of the procedure. For all the tasks, a set of indicators is defined. The indicators were chosen in order to be described by logical values easy to input in the industrial field. Based on such values, a classifier assign tasks to the following classes: executable only by a human, only by a robot, indifferently by human or robot, mandatorily by both human and robot working together. Eventually, final assignment is provided by considering task length and precedence constraints. The procedure is detailed in the following of the section. Figure 1 . Procedure for task assignment to human and robot.
Task indicators
Indicators have been proposed to describe the features of the task that will be used as decision factor in the selection of the type of collaboration. Task features that should be surely considered are the weight of the assembled part (W), the displacement (Di), accuracy requirements (A) or dexterity requirements (De). Table 1 shows an example of application of the indicators to some significant tasks. The last class represent the most complete and challenging kind of human-robot collaboration. In the industrial field it is far more common to find hand-guiding or speed monitoring. They allow to use standard industrial robots with a minimum refurbishment of the workcell. In this study all the collaborations are considered as equally effective, in function of the purpose the production management is aiming for. The classes defined by the classifier, on the basis of the indicators, are: executable by human (H), by robot (R), by either of the two (H/R), by the collaborative work of both (H+R). The classifier is trained by using a training set made of previous classified data, like the ones in Tab.2. For this purpose, a C4.5 decision tree [19] was used as classifier.
Particularly, the open source Java implementation of the C4.5 algorithm (J48) in the Weka data mining tool was exploited (http://www.cs.waikato.ac.nz/ml/weka/). 
Assignment
By knowing the task durations, the task precedences, and the results of the classification, it is possible to define a strategy to assign tasks to operators. Differently from classical workload balancing problems, here we are not interested in balancing the work between a human and a robot, since it is better to assign to the robot the heaviest workload. The assignment procedure is thus to use the task duration and the task precedences to create the Gantt of the process, and then applying the following logic: assign to the robot the tasks classified as R, assign to the human the task classified as H, and assign to both the human and the robot the task classified as H+R. If a task is classified with H/R, try to assign it to the robot. If it is executed in parallel with another task already assigned to a robot, then assign it the human.
CASE STUDY
The selected case study is a manual assembly process of a 2-stage snowplow mill. The assembly is executed in a small factory with small productions that are not suited for traditional full automation. The description of the case study was obtained by observing the actual manual process during the assembly of a small number of mills. The process has been recorded on video and all the processing times have been recorded to determine, with the expected high variability of manual processes, mean standard times. The process cannot be completely automated, due to the small production volumes. At the same time, it is unsafe and unfit for full manual process: many parts are heavy and must be handed with the help of an overhead travelling crane, arc welding pose additional safety risks due to the shape of the blades. It is apparent the need for an innovative process where a robot will take the risks of welding and will carry most of the weight of parts and human worker will execute the uncountable series of small tasks that require dexterity and flexibility and that are always present in non-automated processes.
Task sequence
The activity diagram of the current process, manually executed, is reported in Figure 3 . Each phase is further divided into sub-phases, giving origin to a total of 68 different operations. The structure is fastened on a slab. The two diagonals are traced to ensure the correct alignment of the radius of the central crossbar, the radius of the inner crossbar and the four-knife brackets. Two reference holes guarantee the placement of the headstock to the slab. There are also other 16 diagonal diagonal holes, needed for fixing the outer disc and the knife mount brackets. The welding in the assembly phase is operated through a GMAW technique with 1.2 mm wire.
There is an assembly kit that consists of 4 brackets for fastening the outer disk to the floor and 4 brackets for fixing the knives, 2 lifting rings for the structure repositioning and 2 retaining rings for the crossbar. In the manual process, it is necessary the support of an expensive assembly mask, needless in the robotic process. Assembly is carried out by two operators, both for the need to lift heavy weights and for some complex assembly tasks. The activity diagram of the revised process, with the support of a collaborative robot, is reported in Figure 4 . The proposed reorganization of the process is, obviously, the result of the classification and task assignment procedure that will be described in detail in the following sub-sections.
The robot is now in charge of nearly all the welding and of assisting the human when the weight to lift is excessive. The activity diagram shows as human and robots have different and complementary tasks in every process phase. As can be expected, differently from the manual process, now the task assigned to robot and human are often different and separate because it is now necessary to explicitly define the exact timing and functions of robot interventions. On the contrary humans can agree spontaneously and informally how to collaborate and when to avoid overlapping of activities.
Indicators and classification
To each of the identified 68 activities has been assigned a value for each indicator, and the corresponding class label, as shown in Tab. 3. This dataset of 68 classified activities was used to train a C4.5 decision tree, by using the open source Java implementation available on the Weka data mining tool. By setting a K-fold cross validation dividing the data into a training set and a test set with a proportion of 3:1, the accuracy achieved by the model is 88.2%. The total number of correctly classified instances is 60, while the incorrectly classified instances are 8. The resulting classification tree is reported in Fig.4 . 
Assignment
Using the classifier produces a first tentative assignment of tasks to the robot and the operator. As for manual processes, a workload balancing procedure must be executed. This is decidedly not the case of collaborative assembly stations. It is better to prefer unbalanced solutions where the robot has heavier workload than human. We also decided not to solve the problem as an optimization one because the number of alternatives is low: human or robot. Furthermore, technical considerations can drive towards suboptimal solution when one of the two alternatives is largely preferable. The approach was therefore to build the Gantt and to solve all the cases of resource overload, as in the case of task 9, where there is the overload of the operator (see Figure 5 ). It should be pointed out that, in the future, an automatic procedure to solve overload will be developed. As a matter of fact, in small productions, it frequently happens that times are not respected. In this case, it is advisable that tasks could be rescheduled dynamically inside the workstation, without the intervention of the production control manager at factory level. As a result, a collaborative cell was designed, as represented in Fig.6 . Among the available industrial robots, the selection is for a KUKA robot KR 300 R2500 ultra C, compliant with both load and workspace requirements. The holding devices are a tool plan to allow the robot executing the operations, a rotating platform so that the robot can easily reach all the positions required for the operations, and a component storage, where the final components are arranged according to a precise order in such a way that the robot can identify and pick them. Also two laser scanners are inserted, one for verifying the correct positioning of tools and items, and another one to identify the human worker position.
CONCLUSION
The paper proposes a method to support the assignment of tasks to human and robotic operators in a collaborative manufacturing environment. Firstly, a classifier is used to assign to each task the corresponding class, representing the most suitable executer. Then, a task assignment procedure is applied to avoid resource overload and exploit the benefit of a human-robot collaboration. Future works will address the exploitation of fuzzy classification systems to better represent the fact that human and robot have a different level of skill depending on the type of operation. Furthermore, with the progress in the field of Computer Vision and Voice Recognition, the role of Cognitive Control System will be greatly amplified and this will allow for the proposal of a fully automatic work sharing procedure in which the robot will negotiate with the human the subdivision of work, from time to time.
